The structure sensitive reaction, COϩNO, has been studied on two crystal planes of palladium. The Pd͑111͒ surface was found to be approximately five times more active than Pd͑100͒ for NO reduction by CO. This structure sensitivity is attributed primarily to the stabilization of molecularly adsorbed NO ͑NO a ͒ relative to N a on Pd͑111͒ vs Pd͑100͒. It has also been found that the Pd͑100͒ surface is more effective at dissociating NO a than Pd͑111͒. As a result, Pd͑100͒ yields a higher ratio of N 2 /N 2 O compared to Pd͑111͒. Pd͑100͒, however, also stabilizes atomic nitrogen on the surface, resulting in the poisoning of subsequent NO adsorption/dissociation and thus inhibiting the overall COϩNO reaction.
I. INTRODUCTION
Recently, there has been an intense effort to understand the mechanism for the activity of the three-way catalytic conversion process and in so doing to design better catalysts.
1,2 The three-way reaction involves the simultaneous oxidation of CO and the reduction of NO as well as the oxidation of any unburnt hydrocarbons in the automobile exhaust gas stream,
COϩ2NO → CO 2 ϩN 2 O, ͑2͒
C x H y ϩO 2 ͑ or NO͒ → CO 2 ϩH 2 O ͑or N 2 ͒. ͑3͒
In addition, the direct oxidation of CO by O 2 is an important, though be it separate consideration in the catalytic three-way reaction. Although the presence of O a may affect the availability of surface sites for NO adsorption and dissociation, O a does not affect the activity or selectivity of the COϩNO reaction.
The push for new catalytic conversion technology has come largely from amendments to the EPA's Clean Air Act, along with California-specific regulations requiring lower levels of emitted NO g and volatile organic compounds ͑VOCs͒. Palladium catalysts are attractive in that they allow higher operating temperatures, nearer the exhaust manifold, as well as excellent control of hydrocarbon emissions. Additionally, the new 1994 policy requiring that all automobiles produced in Europe have emissions control devices, similar to those already in use in the United States, has led to a doubling of the demand on the world's platinum and rhodium supplies. 3 This elevated demand has led to an increased interest in using more economical alternative materials for the three-way reaction.
Palladium only catalysts appear to be a viable, cheaper alternative to the Pt/Rh ͑90/10͒ catalyst currently used. As a result, many researchers have performed measurements of the elementary adsorption/desorption equilibria of CO and NO on Pd single-crystal and model supported catalysts. 4 -8 Measurements of the kinetics of the COϩNO reaction on Pd͑111͒ and Pd͑100͒ have shown that the reaction is structure sensitive. 1 This structure sensitivity is related to the relative coverages of molecularly adsorbed NO ͑NO a ͒ and molecularly adsorbed CO ͑CO a ͒ since the overall reaction is promoted by NO a and inhibited by CO a .
This study shows that NO absorption is inhibited on the Pd͑100͒ surface because of the high surface coverage of thermally stable dissociated nitrogen atoms. The effect of this high coverage of molecularly adsorbed N ͑N a ͒ is to inhibit further NO adsorption and dissociation and thus inhibit the overall COϩNO reaction. The surface coverage of N a and the thermal stability of N a are lower on the Pd͑111͒ surface compared to the more open Pd surfaces. Correspondingly, Pd͑111͒ stabilizes NO a relative to CO a and thus promotes the COϩNO reaction.
Studies of the activities and chemisorptive properties of high surface area Pd catalysts were also performed. It was found that catalysts with an average particle diameter of 1000 Å stabilize NO a relative to CO a and show high activity for the COϩNO reaction, similar to Pd͑111͒. Smaller Pd particles ͑50 Å͒, however, partially dissociate NO a to N a and thus are more significantly poisoned with respect to the reaction compared to the larger particles.
II. EXPERIMENT
These experiments were performed in an ultrahigh vacuum ͑UHV͒ surface analysis chamber coupled to a high pressure reactor cell. The base pressure of the UHV system was Ͻ2ϫ10 Ϫ10 Torr. The UHV analysis chamber is equipped with an array of surface analytical techniques, including Auger electron spectroscopy ͑AES͒, low energy electron diffraction ͑LEED͒, and a quadrupole mass spectrometer ͑QMS͒ for temperature programed desorption ͑TPD͒ and reaction spectra ͑TPRS͒ studies. The pressure in the reactor cell can be varied between UHV and 1 atm while maintaining UHV in the main chamber. The high pressure cell is coupled to a Fourier transform infrared spectrometer which allows gas phase infrared as well as infrared reflectionabsorption ͑IRAS͒ studies to be performed. The Pd single crystals were cleaned in situ by repeated cycles of oxidation at 900 K followed by annealing to 1200 K. Any residual surface carbon was easily removed by carrying out the CO oxidation reaction ͑2:1 CO:O 2 ͒ at pressures of 1-5 Torr and a temperature of 600 K, followed by evacuation and annealing to 900 K. The surfaces were found to be free of oxygen, carbon, nitrogen, and sulfur contamination following these cleaning procedures, as measured by AES. Additionally, the surfaces were found to be free of active carbon and oxygen contamination, respectively, by noting the absence of CO in the TPD spectrum following O 2 adsorption and the absence of CO 2 in the TPD spectrum following CO adsorption.
All gases used in the adsorption and catalytic experiments were obtained from Matheson and were of ultrahigh purity. CO, CO 2 , N 2 O, and 15 NO ͑Cambridge Isotopes͒ were used as received. NO ͑C.P. grade͒ was distilled by repeated freeze-pump-thaw cycles using a liquid nitrogen-pentane bath to remove residual CO, N 2 O, and NO 2 impurities.
The high surface area catalysts were prepared by incipient wetness impregnation techniques described elsewhere. 9, 10 Palladium nitrate was used to deposit palladium onto high surface area ␥-alumina ͑155 m 2 /g͒ and low surface area ␣-alumina ͑5 m 2 /g͒. After loading the catalysts with 1 wt % of Pd on the ␥-alumina and 2 wt % on the ␣-alumina, the samples were calcined and reduced. The two catalysts used for these studies had average particle sizes of about 50 and 1000 Å, respectively, as determined from transmission electron microscopy ͑TEM͒ imaging measurements.
The method for obtaining the kinetics of the COϩNO reaction over Pd͑111͒ and Pd͑100͒ has been reported previously. 1 Kinetic studies over Pd͑110͒ were obtained in a similar fashion and are included as support for the Pd͑100͒ data. Briefly, the reaction was performed in the batch mode, with the total reactant pressures ranging from 2 to 17 Torr, with a total pressure of 20 Torr ͑filled with He͒. The temperature was varied between 525 and 650 K. The NO:CO pressure ratio ranged from 1:16 to 16:1, with the pressure of the minor component held constant at 1 Torr. CO 2 and N 2 O production were monitored with infrared spectroscopy. The rate of the reaction, or turnover frequency ͑TOF͒, is defined as the number of reactant molecules consumed, or product molecules formed, per surface site per second. Gas phase production of CO 2 and N 2 O was calculated by converting infrared intensities to pressures by using a set of calibration curves ͑partial pressure versus infrared intensity͒. TOFs were then calculated by normalizing the gas phase production of CO 2 and N 2 O per second to the total number of surface sites.
Kinetics of COϩNO reaction over the high surface area catalysts were monitored with gas chromatography ͑GC͒ using thermal conductivity detection ͑TCD͒. The partial pressures of CO and NO were in the same range as those used in the single-crystal catalyst studies, although the total pressure was 1 atm. The activities were determined similarly by comparing the appearance of the products and disappearance of the reactants with calibration curves of the GC signal versus concentration. The number of surface sites was determined by assuming that the most lightly loaded catalysts ͑0.1 wt %-not shown͒ had 100% dispersion. The validity of this assumption is confirmed by TEM images which show the average particle size for the 0.1 wt % loaded catalyst to be no larger than 20 Å. Presumably, many of the particles on this catalyst are smaller than 20 Å and are thus invisible in the TEM image. Since the dispersion for 20 Å particles is about 50%, and since no particles larger than 20 Å are observed, the error introduced by assuming 100% dispersion can be no larger than a factor of 2. The rates of CO oxidation of the more highly loaded catalysts were normalized to the rate of CO oxidation on the 0.1 wt % loaded sample, assuming that each surface site active for CO oxidation was also active for the COϩNO reaction. Figure 1 shows the measured TOFs for NO reduction over the single-crystal catalysts as well as the high surface area supported catalysts over the temperature range of 525-650 K. In Fig. 1 , the gas phase pressure ratio over the singlecrystal catalysts was 1 Torr NO:1 Torr CO. For the high surface area catalysts, the pressure ratio was 5.2 Torr NO:4.5 Torr CO. It was found that variations in the reactant partial pressures from 1 Torr:1 Torr up to 16 Torr:16 Torr ͑NO:CO͒ had no significant effect on the COϩNO reaction rate since the reaction is essentially zero order in total pressure within this regime.
III. RESULTS AND DISCUSSION

A. CO؉NO reaction kinetics
It can be seen from the data in Fig. 1 that the activities of the more open Pd͑100͒ and Pd͑110͒ surfaces were about 5 times lower than the activity of the more close-packed Pd͑111͒ surface. The activities of the high surface area supported Pd catalysts follow a trend similar to that of the Pd single crystals. The large ͑1000 Å͒ Pd particles show a high FIG. 1. NO turnover frequencies ͑TOFs͒ vs temperature over Pd singlecrystal and high surface area catalysts. For the single crystals, P NO ϭ P CO ϭ 1 Torr, P total ϭ 20 Torr. For the Pd particles, P NO ϭ 5.2 Torr, P CO ϭ 4.5 Torr, P total ϭ 1 atm.
percentage of ͑111͒-like facets, as deduced from infrared studies. These studies show CO and NO bonded primarily to threefold bridging and atop sites, characteristic of Pd͑111͒.
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In turn, this high percentage of ͑111͒-like character corresponds to a high activity for the COϩNO reaction. The smaller ͑50 Å͒ particles, on the other hand, have predominantly atop adsorption sites, 5, 10 which have been shown to be less catalytically active for the COϩNO reaction. The discrepancy in the activation energies between the nearly perfect single crystals and the less than perfect supported particles is likely related to a surface poisoning effect on the particles which is not simulated by these single-crystal studies.
It can be seen from Fig. 2 that Pd͑111͒ stabilizes NO a relative to CO a at temperatures above 300 K. Pd͑100͒, on the other hand, shows approximately the same surface coverage of CO a and NO a under most reaction conditions. There is a direct correlation between this stabilization of NO a relative to CO a on Pd͑111͒ and the higher activity of this surface. This is due to the fact that the reaction order is positive order in NO and negative order in CO on all three single-crystal surfaces, as well as on the high surface area catalysts.
Similarly, the large Pd particles tend to stabilize NO a relative to CO a , which in turn leads to a higher activity. The smaller particles, on the other hand, lack a large percentage of low index ͑111͒-type facets necessary for giving NO a a competitive advantage in displacing CO a from the surface. Additionally, the smaller Pd particles tend to dissociate both CO and NO 12 to form stable surface carbon and nitrogen species which poison the further adsorption of CO and NO, thus inhibiting the overall reaction. IRAS spectra clearly show the increased concentration of carbon on the smaller particles relative to the larger ones based on the lower than expected relative coverages of CO͑a͒. In addition, temperature programmed oxidation ͑TPO͒ data show the increased concentration of surface carbon on the smaller particles relative to the larger ones.
An additional consequence of this stabilization of NO a relative to CO a on Pd͑111͒ is to increase the selectivity for N 2 O vs N 2 ͑Fig. 3͒. At high NO a /CO a surface coverages, reaction ͑2͒ COϩ2 NO → CO 2 ϩN 2 O becomes more favorable than reaction ͑1͒ COϩNO → CO 2 ϩ 1 2 N 2 because reaction ͑2͒ consumes more NO a than reaction ͑1͒. Although the selectivity for N 2 O vs N 2 is independent of the ͓CO a ͔, the effect of decreasing the surface coverage of CO a is to allow more vacant sites for the adsorption of NO a . Since the reaction to form N 2 O essentially consumes two NO a 's, it should be expected that the surface with the higher NO a will produce more N 2 O relative to N 2 . On Pd͑100͒ and Pd͑110͒ ͑not shown͒, the NO a /CO a ratio never exceeds one ͑Fig. 2͒, and therefore the relative ratio of N 2 O/N 2 produced is much lower than on Pd͑111͒ since reaction ͑1͒, under all conditions, is more favorable. On all three single-crystal surfaces, the selectivity for N 2 O increases with increasing temperature. This effect is directly correlated with the increased stabilization of NO a relative to CO a with increasing temperature ͑Fig. 2͒. Figure 4 shows the TPRS for COϩ 15 NO adsorbed to saturation on Pd͑100͒ at 350 and 500 K. The heating rate for all TPD and TPRS spectra was 3 K/s, and all spectra were acquired with a background pressure of less than 5ϫ10 Ϫ10 Torr using a shielded QMS. Adsorption at 350 K yields predominantly CO and 15 the N 2 peak desorption area correlates with a decrease in the CO, NO, and O 2 peak areas. Since the ionization cross section of N 2 is significantly lower than for the other species, a direct comparison between peak areas and surface coverages is difficult. The close mass proximity of O 2 and 15 NO may lead to some ambiguity in differentiating the identity of these two TPD features. Typically, O 2 adsorbed on Pd shows a high temperature desorption feature at about 800 K. Figure 4 clearly shows this feature to be absent when CO and NO are coadsorbed on the Pd͑100͒ surface. The absence of this feature places additional importance on the high temperature 15 N 2 peak. The desorption peak area for a monolayer of N a can be obtained from the high temperature ͑550 K͒ reaction of NO͑1 Torr͒ϩH 2 ͑1 Torr͒ on Pd͑100͒, which gives exclusively N a .
B. Chemisorbed N a
13 Figure 5 shows the TPD spectra for N 2 produced from N a recombination on Pd͑100͒ and Pd͑111͒. The top spectrum shows the desorption of a full monolayer of nitrogen produced from the decomposition of a thermally stable N a species synthesized during the high pressure reaction of NOϩH 2 at 550 K on Pd͑100͒. The bottom two spectra show the highest coverages of the two N a species obtainable from the reaction of COϩ 15 NO ͑1:1͒ at 500 K ͑10 Ϫ5 Torr for 1 min͒ on Pd͑100͒ and Pd͑111͒. The high temperature 15 N 2 desorption features ͑564 -640 K͒ in each of these three spectra correspond to decomposition of the thermally stable N a species. The TPD feature at 460-480 K corresponds to a recombination of the less stable N a species, which, in the CO/NO reaction mixture, reacts with N a and/or NO at 525-650 K ͑Fig. 1͒.
By comparing the high temperature ͑564 -640 K͒ 15 N 2 desorption features of these three spectra, it can be seen that ϳ80% of the Pd͑100͒ surface is covered by the thermally stable N a species, whereas only ϳ20% of the Pd͑111͒ surface is covered with this species. The desorption temperature of the stable N a species shifts to lower temperatures with increasing coverage of coadsorbed NO and/or the less stable N a species. For the high pressure NOϩH 2 reaction, the surface is covered by a full monolayer of the stable N a species, having a desorption peak maximum at ϳ640 K.
This highly stable N a species is assigned by Matsuo et al. as a c͑2ϫ2͒ surface palladium nitride, stable only on Pd͑100͒. 13 Following reaction with CO and 15 NO, the Pd͑100͒ surface is covered primarily with the stable N a as well as small amounts of NO a ͓ϳ0.1 monolayer ͑ML͔͒ and the less stable N a ͑ϳ0.1 ML͒. As a result, the peak desorption maximum of the product N 2 is lowered by ϳ50 K relative to the ''pure'' PdN x film of Matsuo. Following reaction with CO and 15 NO, the peak desorption maximum of 15 N 2 from the Pd͑111͒ surface is shifted by ϳ75 K to a lower temperature ͑564 K͒ relative to the ''PdN x ''-covered surface because of a high coverage of other coadsorbates. Figure 6 shows a series of TPD spectra for 15 N 2 desorption from both Pd͑111͒ and Pd͑100͒ dosed with saturation exposures ͑ϳ500 L͒ of 15 NO at the indicated temperatures. The peak areas are normalized for the two sets of data. Immediately, it can be seen that Pd͑100͒ dissociates NO more effectively than Pd͑111͒ by noting the larger peak areas of the low temperature ͑450 K͒ N 2 recombination feature on Pd͑100͒. It can also be seen that as the temperature is increased, the higher temperature N a feature grows in intensity. For adsorption of NO at 550 K, the high temperature peak area is about 4 times larger on Pd͑100͒ than on Pd͑111͒. Figure 7 shows an identical series of TPD spectra to those in Fig. 6 , except that CO and 15 NO were coadsorbed. For Pd͑100͒, the relative ratios of the high temperature to low temperature N a recombination peaks in Fig. 7 are nearly identical to those in Fig. 6 . The N a species on Pd͑111͒ are bound mainly in the lower temperature ͑450 K͒ state as opposed to the higher temperature ͑564 K͒ state. Again, the relative peak area of the high temperature N a recombination feature is about 4 times larger on Pd͑100͒ than on Pd͑111͒.
Both the Redhead approximation and leading edge analysis were used to calculate the activation energy for N 2 recombination from COϩ 15 NO coadsorption.
14 The low temperature state ͓450 K on Pd͑111͒ and 475 K on Pd͑100͔͒ shows an activation energy of about 28 kcal/mol on Pd͑111͒ and 30 kcal/mol on Pd͑100͒. These N 2 recombination energies agree well with those of the other elementary steps in the reaction, such as CO and NO desorption ͑25-30 kcal/mol͒ and the overall apparent activation energy of the reaction ͑20-30 kcal/mol͒. The high temperature state, on the other hand, has an activation energy of ϳ35 kcal/mol on Pd͑111͒ and ϳ37 kcal/mol on Pd͑100͒. The 2 kcal/mol difference between Pd͑100͒ and Pd͑111͒, as well as the much higher coverage of this N a state likely account for a significant degree of surface poisoning on Pd͑100͒ relative to Pd͑111͒.
Highly thermally stable N a species, which are adsorbed up to temperatures above 600 K, have been reported previously for Pd͑100͒ and Pd͑110͒. 13, 15 Pd͑111͒ has demonstrated the ability to form a stable nitride species primarily on defect sites, 16 with increasing coverage of PdN x at relatively high temperatures. 17 Highly stepped and polycrystalline surfaces, however, show the highest tendency to form PdN x at low temperatures. 18, 19 It should therefore be expected that the more open single-crystal surfaces as well as the small particles, which contain high concentrations of low coordination sites, should show the highest tendency to dissociate NO and form stable palladium nitride. The TPD data for the singlecrystal surfaces definitively support this hypothesis ͑Figs. 6 and 7͒. Whether this species is truly a surface nitride or merely a highly stable N a species is irrelevant. The important The TPRS data of Fig. 7 show that even at low adsorption temperatures the Pd͑100͒ surface is covered by a significant amount of dissociated nitrogen atoms. The fact that the high temperature N a state is much more strongly bound ͑37 kcal/ mol͒ than either CO or NO ͑28 -29 kcal/mol͒ and the fact that this state covers most of the surface implies that N a is poisoning the reaction. The relative stability of NO a to CO a is likely lower on the more open surfaces ͓Pd͑100͒, Pd͑110͒, and the 50 Å particles͔ due to poisoning of NO adsorption by N a . Any NO which is adsorbed on these open surfaces is likely to dissociate and thus inhibit further NO adsorption.
At high temperatures ͑Ͼ600 K͒ and/or high NO partial pressures ͑16:1 NO:CO͒ on the Pd͑100͒ surface, the reaction approaches zero order in both NO and CO. This is likely due to the fact that the NO dissociates immediately upon adsorption to form N a . Since N a inhibits both CO and NO adsorption, its net effect is to poison the positive order with respect to NO and to moderate the negative order with respect to CO.
Clearly, surface oxygen cannot account for this reaction inhibition in that there is no evidence for a high temperature O a recombination feature ͑Fig. 4͒; any O a which does form reacts immediately with CO to form CO 2 . If O a were inhibiting the reaction, the rate law would become positive in CO, since CO provides a mechanism for removing O a from the surface. Clearly this is not the case based on our power rate law and TPD data.
An additional correlation can be found between the stability of the high temperature N a species and the so-called ''light-off'' temperature of the reaction. The light-off temperature is defined as the temperature at which the reaction goes to complete conversion ͑in the flow mode͒. Although desorption temperatures obtained by UHV measurements are not directly applicable to high pressure reactions, the relative activation energies for the elementary steps may be compared to those steps at high pressures. For the high pressure reactions, light-off occurred within ϳ60 K of the N 2 recombination/desorption temperature ͓625 K for Pd͑111͒ and 650 K for Pd͑100͔͒. The 25 K higher light-off temperature for Pd͑100͒ correlates very well with the 25 K higher desorption temperature of the stable N a species from Pd͑100͒ vs Pd͑111͒ ͑Fig. 7͒. The 60 K temperature difference between light-off at UHV conditions and light-off at 20 Torr is consistent with the activation energy for N 2 recombination for PdN x .
IV. CONCLUSIONS
We have shown that the activation energy for N a recombination is higher than that of any of the other elementary steps in the COϩNO reaction on Pd. N a is stabilized on the more open Pd single-crystal surfaces and the smaller Pd particles which show high percentages of low coordination sites. The presence of these low coordination sites, in turn, leads to a high surface coverage ͑80% of a ML͒ of a thermally stable ͑600 K͒ N a species. The effect of this stable N a species is to poison subsequent NO adsorption and dissociation. This also reduces the supply of O a necessary for CO oxidation.
Although NO dissociation may limit the rate of the COϩNO reaction on Pd͑111͒, it can be ruled out as the ratelimiting step on Pd͑100͒. NO dissociation cannot be the rate controlling step in the reaction over Pd͑100͒ since this surface shows a higher propensity to dissociate NO a , yet a lower overall activity than Pd͑111͒. Although enhanced NO dissociation has the positive effect of producing more N 2 vs NO dosed from 400 to 500 K on ͑a͒ Pd͑111͒ and ͑b͒ Pd͑100͒.
N 2 O, the surfaces which are most efficient at dissociating NO also bind N a most strongly, thus inhibiting the overall reaction. The structure sensitivity of the COϩNO reaction is primarily due to selective poisoning by a highly stable surface nitrogen species on the more open surfaces. On Pd͑100͒ and Pd͑110͒, less than 20% of the surface sites are available for COϩNO adsorption and reaction, whereas on Pd͑111͒ about 80% of the surface sites are free of the stable N a species.
In practice, Pd-only three-way catalysts are operated at much higher temperatures than reported in this study. Obviously, at temperatures of 200-300 K higher, the desorption of N a on the open surfaces or smaller particles is less critical in limiting the reaction rate; and the dissociation of NO on the close-packed surfaces and larger particles is not as important in determining the N 2 O selectivity. Unfortunately, spectroscopic data are difficult to obtain at extremely high temperatures ͑low surface coverages͒, making absolute comparisons to real catalyst conditions impossible. The intent of this work is merely to demonstrate the role of structure in determining the activity and selectivity of Pd at realistic conditions.
